Introduction {#s1}
============

Myocardial infarction (MI) occurs when coronary blood supply is interrupted, destroying distal blood vessels and myocardium. Insufficient cardiac capillary density and perfusion after MI have been identified as critical conditions triggering endothelial apoptosis, leading to an increase in infarct size and left ventricular dysfunction. Thus, therapeutic angiogenesis has been proposed as an important strategy for the treatment of vascular insufficiency in MI [@pone.0046158-Rivard1], [@pone.0046158-Ziebart1]. Recently, progenitor/stem cell therapy has shown the potential to reverse ischemic damage and repair heart tissue injury through angiogenesis [@pone.0046158-Ripa1], [@pone.0046158-Schachinger1]. The multipotency, low immunogenicity, ready availability, and extensive capacity for expansion of bone morrow derived mesenchymal stem/stromal cells (MSCs) has led to their adoption as an important cell resource for regenerative medicine [@pone.0046158-Jiang1], [@pone.0046158-NombelaArrieta1]. For decades, transplanted MSCs have been shown to improve angiogenesis after MI, but the mechanism by which this process occurs remains controversial. Emerging evidence demonstrates that the therapeutic effects may result from the growth factors secreted by MSCs, as well as the differentiation into endothelial cells (ECs), pericytes, smooth muscle, and cardiomyocytes (CM) [@pone.0046158-NombelaArrieta1]--[@pone.0046158-Gnecchi1]. Therefore, it is clinically significant to develop approaches that increase the paracrine effects or cardiovascular cell differentiation of MSCs for post-MI therapy. Considering the triple lineage differentiation potential of MSCs, the vascular cell fate decision is particularly important to the restoration of cardiac function after MI [@pone.0046158-Yoon1].

It was initially thought that MSCs differentiate into ECs, which become integrated into the newly formed blood vessels [@pone.0046158-Oswald1]--[@pone.0046158-Davani1]. However, the vascular differentiation potential of MSCs remains controversial; some studies have suggested that ECs derived from ordinary MSCs are rare and infrequently detected after transplantation [@pone.0046158-Ziegelhoeffer1]--[@pone.0046158-Perry1]. Alternatively, it has been speculated that angiogenic growth factors released by MSCs (promoting the growth of pre-existing vessels) are directly responsible for the beneficial effects [@pone.0046158-Ziegelhoeffer1], [@pone.0046158-ONeill1]. According to such studies, it is very difficult for ordinary MSCs to differentiate into ECs. However, through genetic engineering, it is possible to enhance both the paracrine effects and the endothelial differentiation potency of MSCs.

In our previous studies, MSCs were genetically engineered to overexpress CXCR4 using viral transduction (MSC^CXCR4^). The mobilization and engraftment capacity of MSC^CXCR4^ into the ischemic area were enhanced, as was the secretion of paracrine factors \[e.g., vascular endothelial growth factor-A (VEGF-A)\], which promoted neomyoangiogenesis and alleviated early signs of left ventricular remodeling [@pone.0046158-Zhang1]--[@pone.0046158-Zhang2]. However, the mechanisms by which MSC^CXCR4^ promote cytokine secretion and support neovascularization effects remain to be elucidated. In the present study we investigated the pathways relevant to self-renewal or differentiation of MSCs, including hypoxia-inducible factor-1α (HIF-1α) [@pone.0046158-BenShoshan1], phosphoinositide 3-kinase (PI3K) [@pone.0046158-Eun1], mitogen-activated protein kinase (MAPK) [@pone.0046158-Xu1], and the signal transducers and activators of transcription 3 (STAT3) pathway [@pone.0046158-Shabbir1].

In addition, the extent to which CXCR4 overexpression alters the tendency of transplanted MSCs to differentiate into ECs has not yet been reported from *in vivo* studies. To assess EC differentiation from MSC^CXCR4^ and the resulting changes in cardiac function after transplantation, an "inducible suicide gene" approach was employed. The herpes simplex viral genome encodes an enzyme, thymidine kinase (TK), which is foreign to mammalian cells [@pone.0046158-Mullen1]. If the TK gene, following a tissue specific promoter (e.g. vascular endothelium (VE)-cadherin), is transduced into the target cells, the TK expression will be under the control of the cell phenotype. TK converts the pro-drug ganciclovir (GCV) into a cytotoxic agent which causes "cell suicide" but has no effect on cells without TK expression [@pone.0046158-Yoon1], [@pone.0046158-Mavria1]. This approach was used to selectively ablate ECs differentiated from MSCs, allowing for direct assessment of the contribution of MSC-to-EC differentiation to cardiac repair, and the degree to which CXCR4 overexpression enhances this process. Thus, by specifically targeting differentiated ECs, we address the role of MSC^CXCR4^ in neovascularization during cardiac repair after MI.

Materials and Methods {#s2}
=====================

Experiments using animal subjects or animal-derived materials were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) and under guidelines and protocols approved by the University of Cincinnati Institutional Animal Care and Use Committee.

Reagents {#s2a}
--------

Cell culture supplies were obtained from Invitrogen (Carlsbad, CA). Antibody against CXCR4 was purchased from Millipore (Temecula, CA). Antibodies against VEGF-A, HIF-1α, GFP, Troponin I, and β-actin were from Santa Cruz Biotechnology (Santa Cruz, CA). LY294002 and antibodies against phosphorylated (p-) STAT3 (Tyr705) and STAT3 were from Cell Signaling Technology (Beverly, MA). WP1066 was purchased from Chemicon (Millipore). Ganciclovir (GCV), SB203580, SP600125, PD98059, and other readily available chemicals were purchased from Sigma-Aldrich (St Louis, MO).

Lentiviral vectors and transduction {#s2b}
-----------------------------------

Lentiviral vector backbone pCDH-CMV-MCS-EF1-CopGFP+Puro (pCDH-GFP) was purchased from System Biosciences (Mountain View, CA). The rat CXCR4 CDS was subcloned into the EcoRI and NotI restriction enzyme sites of pCDH-GFP from the reported vector [@pone.0046158-Zhang2] for CXCR4 overexpression (pCDH-CXCR4-GFP). To determine the contribution of MSC^CXCR4^ to angiogenesis, the gene suicide therapy approach was applied. The luciferase gene reporter vector accommodating wild type VE-cadherin promoter (pGL-VE) was kindly provided by Dr. Kishore K. Wary [@pone.0046158-Cowan1]. The multiple cloning site of pCDH-GFP between EcoRI and NotI was replaced with TK gene obtained from pORF-TK (Invivogen, San Diego, CA) to construct the vector pCDH-TK-GFP. VE-cadherin promoter was then subcloned into pCDH-TK-GFP between ClaI and XbaI restriction enzyme sites replacing the CMV promoter (pCDH-VE-TK), while a short fragment (21 bp) was subcloned into the same sites to produce a promoterless vector as the negative control (pCDH-N-TK). (See [Table S1](#pone.0046158.s001){ref-type="supplementary-material"} for the sequences of PCR primers for subcloning.) The identity of the promoter and gene was confirmed by sequencing (Genewiz, South Plainfield, NJ). According to manufacturer\'s instructions (System Biosciences), pseudoviral particles were produced in 293TN cells using pPACK Lentivector Packaging Kit and concentrated by PEG-it Virus Concentration Solution. The target cells were transduced with pseudoviral stock and selected by puromycin (5 µg/mL, Sigma), as reported previously [@pone.0046158-Dai1].

Cell culture and suicide gene approach {#s2c}
--------------------------------------

MSCs from healthy 8-week-old Sprague-Dawley (SD) rats were isolated from bone marrow aspirates using plastic adherence to remove the non-adherent hematopoietic progenitors and blood cells, as described previously [@pone.0046158-Zhang2]. Confluent MSCs in seeded cultures were removed from the flask by 0.25% trypsin. Passage 2--4 MSCs were used in the study. Human umbilical vein endothelial cells (ECs) were purchased from American Type Culture Collection (ATCC, Bethesda, MD) and cultured in endothelial growth medium with 10% fetal bovine serum (FBS). Mouse muscle myoblasts were purchased from ATCC. Cardiomyocytes from hearts of neonatal rats were isolated by collagenase digestion as described previously [@pone.0046158-Wang1]. Cells were cultured in low glucose Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% FBS and 1% antibiotics (streptomycin and penicillin), incubated at 37°C in a humid atmosphere of 5%CO~2~/95% air (as normoxic control). MSCs were exposed to hypoxic conditions (O~2~/CO~2~ incubator-MCO-18M, Sanyo) in a humidified atmosphere of 1%O~2~/5%CO~2~/94%N~2~. MSC^CXCR4^ were genetically engineered by pCDH-CXCR4-GFP lentiviral transduction, and MSC^Null^ were manipulated by pCDH-GFP lentiviral transduction. When the cell population reached 70--80% confluence, all cell experiments were performed without serum or antibiotics, and repeated at least three times.

Viral supernatants containing pCDH-N-TK or pCDH-VE-TK were incubated to ECs (EC^N-TK^ or EC^VE-TK^) and MSCs (MSC^N-TK^ or MSC^VE-TK^), respectively. And then the cells (MSCs, ECs, cardiomyocytes, and myoblasts) were treated with 100 µM GCV (PBS as vehicle) for 4 days. The number of viable cells identified by GFP or immunostaining was counted under the microscope at 200-magnification.

Western blotting {#s2d}
----------------

MSC^Null^ or MSC^CXCR4^ were exposed to either normoxic or hypoxic conditions. The CXCR4, VEGF-A, HIF-1α, and STAT3 were determined by western blotting, according to the protocols described previously [@pone.0046158-Zhang2]. Briefly, after electrophoresis, transformation, and immunoblotting, the samples on PVDF membranes were visualized using an enhanced chemiluminescence system (Invitrogen), exposed to X-ray film and then quantified by laser scanning densitometry (GE Healthcare Life Sciences, Piscataway, NJ). β-actin was used as the internal reference control of CXCR4, VEGF-A, and HIF-1α expression. STAT3 phosphorylation was analyzed after normalization against total STAT3.

Quantitative RT-PCR (qPCR) {#s2e}
--------------------------

The mRNA levels of VEGF-A, angiopioetin-1, IGF-1α, VE-cadherin, and CD31 in MSC^Null^ or MSC^CXCR4^ were examined by qPCR according to the protocols reported previously [@pone.0046158-Huang1]. (The sequences of PCR primers are listed in [Table S1](#pone.0046158.s001){ref-type="supplementary-material"}.) Briefly, after reverse transcription, PCR was carried out on the iQ5 real-time system (Bio-Rad, Hercules, CA) with the SYBR Supermix (Qiagen, Valencia, CA). The fold changes of each target mRNA expression relative to β-actin under experimental and control conditions were calculated based on the threshold cycle (C~T~) as r = 2^−Δ(ΔC^ ~T~ ^)^, where ΔC~T~ = C~T~(target)−C~T~(β-actin) and Δ(ΔC~T~) = ΔC~T~(experimental)−ΔC~T~(control).

Tube formation assay {#s2f}
--------------------

The assay was performed with a tube formation assay kit (Chemicon, Millipore) according to the manufacturer\'s instructions. Briefly, the solution of ECMatrix was thawed on ice overnight, mixed with 10 diluents of ECMatrix, and placed in a 96-well tissue culture plate at 37°C for 1 hour to allow the matrix solution to solidify. MSC^Null^ or MSC^CXCR4^ were exposed to either normoxia or hypoxic conditions for 48 hours. They were then seeded (5×10^3^cells/well) on top of the solidified matrigel and incubated at 37°C for 4 hours. After cellular network structures were fully developed, the total capillary tube number was measured under an inverted light microscope (Olympus America, Melville, NY) at 200-magnification. Four independent fields were assessed for each well, and the average number of tubes was determined.

Identification of the MSC-derived ECs {#s2g}
-------------------------------------

MSC^Null^ and MSC^CXCR4^ were exposed to either normoxia or hypoxic conditions for 48 hours. Adherent MSCs were incubated with 200 µg/ml 1,1-dioctadecyl-3,3,3,3-tetramethyl-indocarbocyanine-labeled acetylated low density lipoprotein (Dil-Ac-LDL, Biomedical Technologies) for 4 hours and then fixed with 4% paraformaldehyde for 10 min. The positive cells stained with Dil-Ac-LDL were identified as differentiated ECs with a fluorescent microscope (Olympus) at 200-magnification. Nuclei were stained with DAPI. The number of positive cells per well was counted in 4 randomly selected fields.

Transient transfection and luciferase assay {#s2h}
-------------------------------------------

To determine the effect of CXCR4 overexpression on VE-cadherin transcription, MSC^Null^ and MSC^CXCR4^ were transiently transfected with pGL-VE and pGL4.75 (*Renilla* luciferase control vector, Promega, Madison, WI) by DharmaFECT® Duo transfection reagent (Thermo Scientific, Florence, KY) according to the manufacturer\'s protocol, and then exposed to either normoxia or hypoxic conditions for 24 hours respectively. Additionally, to explore the pathways related to the VE-cadherin promoter activity, MSC^CXCR4^ were transiently transfected with pGL-VE and pGL4.75 and then treated with DMSO (vehicle), SB203580 (p38 inhibitor, 5 µM), SP600125 (JNK inhibitor, 5 µM), PD98059 (ERK inhibitor, 10 µM), LY294002 (PI3K inhibitor, 10 µM), or WP1066 (STAT3 inhibitor, 5 µM) for 1 hour respectively, before exposure to hypoxia for 24 hours. Subsequently, we used a Dual-Glo™ luciferase assay system (Promega) to detect the promoter activity according to the manufacturer\'s protocol. After incubation, cells were lysed and double luciferase activity was measured using a luminometer (Mutilabel detection platform, Bioscan, Inc. Washington, DC). *Firefly* luciferase activity was normalized by *Renilla* luciferase activity in cell lysates, and at least three independent experiments were repeated.

Cell transplantation and MI model {#s2i}
---------------------------------

The stable cell line MSC^VE-TK^ was transduced using control or CXCR4 lentivirus to generate MSC^TK+Null^ or MSC^TK+CXCR4^ respectively. MI model after permanent LAD ligation was developed in SD rats as described previously [@pone.0046158-Huang1], [@pone.0046158-Zhang2]. Meanwhile, the MI rats were implanted with a peritoneal cell patch as described previously [@pone.0046158-Zhang1], [@pone.0046158-Huang1], containing MSC^TK+Null^ or MSC^TK+CXCR4^ (1×10^6^). After one week, the rats were injected intraperitoneally with 10 mg/kg GCV (Sigma) daily for 7 days and the same dose of saline was injected as vehicle controls. Briefly, the different experimental groups were divided as follows: (i) MSC^TK+Null^ with vehicle, (ii) MSC^TK+CXCR4^ with vehicle, (iii) MSC^TK+Null^ with GCV, (iv) MSC^TK+CXCR4^ with GCV. Since MSCs transduced with lentiviral pCDH-N-TK or pCDH-VE-TK had the similar effects on the cardiac neovascularization and functional restoration of MI rats, the data of MSCs transduced with lentiviral pCDH-N-TK are not included in the present study.

Cardiac function assessment by echocardiography {#s2j}
-----------------------------------------------

Echocardiography (iE33 Ultrasound System, Phillips, Oceanside, CA) with a 15-MHz probe was performed at 4 weeks after MI to assess systolic and diastolic dimensions in addition to anterior wall thickness. Hearts were imaged in 2-D long-axis view at the level of the greatest left ventricular (LV) diameter with animals under light general anesthesia. This view was used to position the M-mode cursor perpendicular to the LV anterior and posterior walls. LV end-diastolic (LVDd) and end-systolic diameters (LVDs) were measured from M-mode recordings using the leading-edge method. LV ejection fraction (EF) was calculated as: EF = (LVDd^3^−LVDs^3^)/LVDd^3^×100%. Fractional shortening (FS) was also determined as: FS = (LVDd−LVDs)/LVDd×100%. All measurements were performed according to the American Society for Echocardiography leading-edge technique, and averaged over three consecutive cardiac cycles.

Immunohistochemical analysis {#s2k}
----------------------------

The neovascularization derived from MSCs was identified by von Willebrand Factor (vWF) and GFP expression. The immunohistochemical studies were performed on heart tissues at 4 weeks after MI. Briefly, heart tissue sections were harvested, fixed in 10% formalin, and sectioned at 5 µm thickness. The antibodies against vWF or GFP were used to discern new vessel networks derived from MSCs. DAPI was used to identify nuclei. Fluorescent imaging was performed with the microscope at 200-magnification. The vWF or GFP positive vessel numbers per mm^2^ were counted in 4 randomly selected fields.

Measurement of infarct size {#s2l}
---------------------------

Fixed hearts were embedded in paraffin and sections from apex, mid-LV, and base were stained with Masson\'s Trichrome. BX41 camera was used to obtain images of LV area on each slide using MagnaFire software (Olympus). Infarct size and total LV area of each image were measured using the Image-Pro Plus software (Media Cybernetics, Carlsbad, CA), and the percentage of the infarct size was calculated using the formula \[fibrosis area/total LV area\]×100%, as previously described [@pone.0046158-Huang1], [@pone.0046158-Wang1].

Micro Computed Tomography (micro-CT) imaging {#s2m}
--------------------------------------------

At 4 weeks after MI, the animals were deeply anesthetized (100 mg/kg ketamine and 10 mg/kg xylazine) and anticoagulated with heparin saline (100 IU/kg). The thoracic cage was opened and the thoracic aorta isolated, into which a polyethylene cannula was inserted. The arterial cannula was connected to a syringe pump, and heparin was infused at constant pressure (100 mmHg) and flow (200 µL/min). Before perfusion, the superior vena cava and inferior vena cava (IVC) were opened as vents. All animals were euthanized with i.v. KCl solution (25 mmol/L), to stop the heart in diastole. Then, MICROFIL silicone rubber, including 8 mL MV-compound (MICROFIL MV-122, Flow Tech, South Windsor, CT), 10 mL MV-diluents, and 5% MV curing agent, was infused into the coronary arteries via the aorta. The MICROFIL perfusion was continued until the materials flowed freely from the IVC. The heart then underwent a Micro-CT imaging scan on Inveon Multimodality System (Siemens, Malvern, PA). We performed image segmentation to define the patch area and its blood vessels, followed by quantitative analysis of blood vessel volume using the Inveon workstation and software.

Statistical Analysis {#s2n}
--------------------

Data from repeated experiments are present as the mean ± SD. Data were compared between groups using one- or two-way analysis of variance (ANOVA). Following ANOVA, the least significant difference (LSD) post hoc test or Dunnetts t-test with Bonferroni correction were used to analyze the significance of differences between mean values of the experimental and control groups. *p*\<0.05 was considered significant.

Results {#s3}
=======

MSC^CXCR4^ enhanced the expression of VEGF-A and HIF-1α under hypoxia {#s3a}
---------------------------------------------------------------------

The level of CXCR4 expression was significantly higher under normoxia in MSC^CXCR4^ when compared to MSC^Null^ (*p*\<0.05), and further increased after exposure to hypoxia for 12 to 48 hrs, which was concomitant with an increase in VEGF-A expression confirmed by Western blot ([Fig. 1A and 1B](#pone-0046158-g001){ref-type="fig"}). In addition, there was no significant difference in VEGF-A expression between MSC^CXCR4^ and MSC^Null^ under normoxia ([Fig. 1C](#pone-0046158-g001){ref-type="fig"}). However, the VEGF-A expression was significantly upregulated in MSC^CXCR4^ as compared to MSC^Null^ (2 fold, *p*\<0.05) under hypoxia within 24 hrs, and a similar pattern was also observed in angiopoietin-1 and IGF-1α as analyzed by qPCR ([Fig. 1C](#pone-0046158-g001){ref-type="fig"}).

![The expression of VEGF-A and HIF-1α under normoxia or hypoxia.\
(A): The expression of CXCR4 and VEGF-A was analyzed by Western blots in MSCs under normoxia or hypoxia for 48 hours. (B): Quantitative analysis for CXCR4 and VEGF-A expression after normalization against β-actin. (C): The mRNA expression of VEGF-A, angiopoietin-1, and IGF-1α was analyzed by qPCR in MSCs under normoxia or hypoxia for 12 or 24 hours after normalization. (D): The expression of HIF-1α was analyzed by Western blot in MSCs under normoxia or hypoxia for 24 hours. (E): Quantitative analysis for HIF-1α expression after normalization against β-actin. Hypoxia (0 hr), normoxia; CXCR4 virus (−), MSC^Null^; CXCR4 virus (+), MSC^CXCR4^. \* *p*\<0.05; \*\* *p*\<0.01. Data are the mean ± SD (n = 4).](pone.0046158.g001){#pone-0046158-g001}

The expression of HIF-1α was scarcely observed in both MSC^Null^ and MSC^CXCR4^ under the normoxic conditions ([Fig. 1D](#pone-0046158-g001){ref-type="fig"}). However, the level of HIF-1α was gradually and significantly upregulated from 6 to 24 hrs after exposure to hypoxia in MSC^CXCR4^ as compared to MSC^Null^ ([Fig. 1D and 1E](#pone-0046158-g001){ref-type="fig"}).

Overexpression of CXCR4 enhanced the angiogenesis in MSCs {#s3b}
---------------------------------------------------------

The tube formation assay was performed on matrigel-precoated wells. The MSC^Null^ exhibited small round shapes, isolated cells, and minimal migration under both normoxia and hypoxia ([Fig. 2A](#pone-0046158-g002){ref-type="fig"}). However, MSC^CXCR4^ led to the development of capillary tubes, sprouting of new capillaries, and finally the formation of cellular networks. The number of tube-like structures was significantly increased in MSC^CXCR4^ as compared to MSC^Null^ under normoxia, and further enhanced by hypoxia (*p*\<0.05, [Fig. 2A and 2B](#pone-0046158-g002){ref-type="fig"}).

![The *in vitro* angiogenic properties of MSC^Null^ and MSC^CXCR4^.\
(A): The new tube formation of MSCs under normoxia or hypoxia is showed (yellow arrows). Scale bars = 200 µm. (B): Quantification of total tube numbers in high power fields (HPF) was calculated. (C): The EC differentiation under hypoxia is identified by the uptake of Dil-ac-LDL (red); Viral manipulated MSCs are showed by GFP (green); All nuclei are stained with DAPI (blue). Scale bars = 100 µm. (D): Quantification of positive Dil-ac-LDL cell numbers per mm^2^ was calculated. (E): The expression of endothelial specific markers (VE-cadherin and CD31) was analyzed by RT-PCR in MSC^CXCR4^ under hypoxia for 72 hours. CAD, cadherin. \* *p*\<0.05; \*\* *p*\<0.01. Data are the mean ± SD (n = 4).](pone.0046158.g002){#pone-0046158-g002}

The ECs derived from MSC^CXCR4^ were recognized as cells with endothelial-like spindle-shaped morphology and were identified as Dil-Ac-LDL uptake ([Fig. 2C](#pone-0046158-g002){ref-type="fig"}). The number of Dil-Ac-LDL-positive cells was higher in MSC^CXCR4^ as compared to MSC^Null^ (*p*\<0.01, [Fig. 2D](#pone-0046158-g002){ref-type="fig"}). qPCR revealed that the endothelial markers, VE-cadherin and CD31, were significantly upregulated in MSC^CXCR4^ as compared to MSC^Null^ under hypoxic conditions ([Fig. 2E](#pone-0046158-g002){ref-type="fig"}).

MSC^CXCR4^ enhanced the transcription of VE-cadherin through STAT3 pathway {#s3c}
--------------------------------------------------------------------------

Under normoxic conditions, the luciferase activity of both MSC^Null^ and MSC^CXCR4^ was low, but it was significantly higher (over 2.5-fold) in MSC^CXCR4^ compared to MSC^Null^ under hypoxia (*p*\<0.05, [Fig. 3A](#pone-0046158-g003){ref-type="fig"}). Compared to the DMSO treatment, the STAT3 inhibitor (WP1066) significantly decreased the luciferase activity of MSC^CXCR4^ by 60% (*p*\<0.05), but other signaling pathway inhibitors had no significant effects ([Fig. 3B](#pone-0046158-g003){ref-type="fig"}). After 6 hours of hypoxia, the level of phosphorylated STAT3 gradually increased significantly in MSC^CXCR4^ as compared to the MSC^Null^ ([Fig. 3C and 3D](#pone-0046158-g003){ref-type="fig"}). Moreover, WP-1066 treatment significantly reduced the VE-cadherin mRNA expression of MSC^CXCR4^ by 70% (*p*\<0.01), as compared to MSC^CXCR4^ treated with DMSO ([Fig. 3E](#pone-0046158-g003){ref-type="fig"}).

![The transcriptional level of VE-cadherin in MSC^CXCR4^ under hypoxia is mediated by STAT3 pathway.\
(A): The luciferase activity of both MSC^Null^ and MSC^CXCR4^ under normoxia or hypoxia for 24 hours was measured. (B): The VE-cadherin promoter activity of MSC^CXCR4^ under hypoxia for 24 hours was impacted by various inhibitors. (C): STAT3 expression was analyzed by Western blots in MSCs under normoxia or hypoxia for 24 hours. (D): Quantitative analysis for STAT3 phosphorylation after normalization against total STAT3. (E): The VE-cadherin expression was analyzed by RT-PCR in MSC^CXCR4^ treated with DMSO or WP1066 under hypoxia for 72 hours. \* *p*\<0.05; \*\* *p*\<0.01. All values are expressed as mean ± SD (n = 4).](pone.0046158.g003){#pone-0046158-g003}

Transduction of TK for suicide gene delivery {#s3d}
--------------------------------------------

The lentiviral vectors pCDH-N-TK and pCDH-VE-TK were constructed, as shown in [Figure 4A](#pone-0046158-g004){ref-type="fig"}. The VE-cadherin promoter activity of pCDH-VE-TK (blue) was detected in ECs as the positive control, and the position was removed to produce a promoterless vector pCDH-N-TK as the control vector. The performance of vector was confirmed by GFP expression ([Fig. 4C](#pone-0046158-g004){ref-type="fig"}). TK gene can be expressed in EC^VE-TK^, but not in ordinary EC or EC^N-TK^ ([Fig. 4B](#pone-0046158-g004){ref-type="fig"}).

![Transduction of TK for suicide gene delivery and the effect of GCV on cell growth.\
(A): Schematic diagram of suicide gene vector p-VE-TK and its promoterless control vector p-N-TK; VECAD, VE-cadherin promoter; TK, HSV1-thymidine kinase; EF1, constitutive elongation factor 1 α promoter; copGFP, copepod green fluorescent protein. (B): The TK gene was expressed in EC^VE-TK^, but not in ordinary ECs or EC^N-TK^, as analyzed by RT-PCR. (C): Viral manipulated ECs are showed by GFP (green) and contrast ECs in the bright field of light microscopy. Scale bars = 200 µm. (D): Quantification of viable EC numbers. (E): Quantification of viable MSC numbers. (F): Effect of GCV on cardiomyocytes identified by α-actinin (red) and myoblasts identified by desmin (red). All nuclei are stained with DAPI (blue). Scale bars = 100 µm. (G): Quantification of viable cardiomyocyte and myoblast numbers. (H): Schematic diagram for showing that GCV can induce the cell death of ECs derived from MSCs with TK expression which is inactivated in other phenotype or undifferentiated cells. CM, cardiomyocytes; GCV (−), vehicle; GCV (+), ganciclovir 100 µM. \*\* *p*\<0.01. All values are expressed as mean ± SD (n = 4).](pone.0046158.g004){#pone-0046158-g004}

The number of EC^VE-TK^ was significantly decreased by the administration of GCV (vs. vehicle, *p*\<0.01), but EC^N-TK^ were unaffected ([Fig. 4C and 4D](#pone-0046158-g004){ref-type="fig"}). In absence of GCV, there was no significant difference between the cell numbers of EC^VE-TK^ and EC^N-TK^, which indicated that the expression of TK had no effect on EC growth ([Fig. 4C and 4D](#pone-0046158-g004){ref-type="fig"}). Moreover, the growth of MSC^VE-TK^ without TK expression under normal culture conditions was not influenced ([Fig. 4C and 4E](#pone-0046158-g004){ref-type="fig"}). In addition to MSCs, GCV had no effect on the other non-endothelial cells, including cardiomyocytes and myoblasts ([Fig. 4F and 4G](#pone-0046158-g004){ref-type="fig"}). Thus, in the presence of GCV, cell suicide was induced under the control of VE-cadherin promoter, which was not activated in other phenotype or undifferentiated cells ([Fig. 4H](#pone-0046158-g004){ref-type="fig"}).

GCV reversed MSC^TK+CXCR4^ induced neovascularization {#s3e}
-----------------------------------------------------

In the absence of GCV (Vehicle), MSC^CXCR4^ significantly enhanced the new vessel formation with vWF expression compared to the MSC^TK+Null^ group ([Fig. 5A](#pone-0046158-g005){ref-type="fig"}). However, the administration of GCV reduced the vessel numbers of MSC^TK+Null^ (*p*\<0.01), especially for the MSC^TK+CXCR4^ (*p*\<0.01), as compared to the vehicle treatment ([Fig. 5A](#pone-0046158-g005){ref-type="fig"}).

![GCV reverses the MSC-induced vessel formation in border area of ischemic heart.\
(A): The vessel formation in the ischemic border zone is identified by vWF; Cardiomyocytes are identified by troponin I; All nuclei are stained with DAPI; Quantification of vWF positive vessel numbers was analyzed. (B): The new vessels derived from exogenous genetically manipulated MSCs are identified by GFP (green); Cardiomyocytes are identified by troponin I; All nuclei are stained with DAPI. Quantification of GFP positive vessel numbers was calculated. Scale bars = 100 µm. GCV (−), vehicle; GCV (+), ganciclovir 10 mg/kg. \* *p*\<0.05; \*\* *p*\<0.01. Data are the mean ± SD (n = 5).](pone.0046158.g005){#pone-0046158-g005}

Additionally, the number of GFP positive new vessels derived from MSC^CXCR4^ was significantly higher than that of MSC^TK+Null^ in the absence of GCV ([Fig. 5B](#pone-0046158-g005){ref-type="fig"}). In contrast, GCV abolished the new vessel formation derived from MSC^TK+Null^, as observed that GFP^+^ cell number was significantly reduced (*p*\<0.05), especially for the MSC^TK+CXCR4^ (*p*\<0.01), as compared to the vehicle treatment ([Fig. 5B](#pone-0046158-g005){ref-type="fig"}). GCV had no effect on the normal vascular structures in cardiac tissues of rats (data not shown).

Neovascularization integrating the cell patch and cardiac circulation {#s3f}
---------------------------------------------------------------------

The neovascularization of implanted MSC patches was further analyzed by micro-CT scan (Video S1). The radiocontrast agents which were infused into the coronary arteries showed the new vessel networks ([Fig. 6A](#pone-0046158-g006){ref-type="fig"}). The vessels derived from MSCs in cell patch were identified by GFP ([Fig. 6B](#pone-0046158-g006){ref-type="fig"}). In the absence of GCV, the new vessels from MSC^TK+Null^ group were seldom identified ([Fig. 6A and 6B](#pone-0046158-g006){ref-type="fig"}). However, a significantly increased number of new vessels derived from MSC^TK+CXCR4^ were observed ([Fig. 6A and 6B](#pone-0046158-g006){ref-type="fig"}), which were integrated with the coronary arteries in the heart (indicated by dotted line, [Fig. 6A](#pone-0046158-g006){ref-type="fig"}). Importantly, the new vessels derived from MSC^TK+CXCR4^ were eliminated by GCV treatment ([Fig. 6A and 6B](#pone-0046158-g006){ref-type="fig"}). Therefore, the reversal effect of GCV revealed that CXCR4 overexpression increased the potential and tendency of transplanted MSC differentiated into ECs.

![Micro-CT scan shows the vessel distribution in the whole heart.\
(A): The perfusion of contrast agents indicates the cardiac vessel networks of various groups. The dotted line shows the location of cell patch. (B): In cell patch, the new formed vessels are identified by GFP (green) and quantitative data. All nuclei are stained with DAPI (blue). Scale bars = 100 µm. \* *p*\<0.05; \*\* *p*\<0.01. All values are expressed as mean ± SD (n = 4).](pone.0046158.g006){#pone-0046158-g006}

GCV reversed the CXCR4-mediated improvement in cardiac function by destroying ECs derived from transplanted MSCs {#s3g}
----------------------------------------------------------------------------------------------------------------

Cardiac function was analyzed by echocardiography after cell patch implantation for 4 weeks. Compared to the MSC^TK+Null^ group, the MSC^TK+CXCR4^ group exhibited a significant reduction in LV remodeling, as showed by decreased LVDd and LVDs (*p*\<0.05, as well as increased systolic wall thickness of MSC^TK+CXCR4^ group, [Fig. 7A to 7C](#pone-0046158-g007){ref-type="fig"}). Additionally, EF and FS of the MSC^TK+CXCR4^ group was significantly higher than that of MSC^TK+Null^ group (*p*\<0.05, [Fig. 7B](#pone-0046158-g007){ref-type="fig"}).

![Effect of GCV on cardiac function and heart remodeling.\
(A): M-mode echocardiograms in various treatment groups at 4 weeks after cell patch implantation. (B): Left ventricular end-diastolic dimension (LVDd), left ventricular end-systolic dimension (LVDs), ejection fraction (EF), fractional shortening (FS), and systolic wall thickness of various groups. (C): The long/short axis views of various groups. Left ventricular wall thinning (yellow bar) and aneurysm formation (yellow arrows). (D): 5-µm sections from heart slices stained with Masson\'s Trichome in various treatments. (E): The percentage of infarct size in hearts of various groups. \* *p*\<0.05; \*\* *p*\<0.01. All values are expressed as mean ± SD (n = 5).](pone.0046158.g007){#pone-0046158-g007}

Functional assessments (LVDd, LVDs, LVEF, LVFS, and systolic wall thickness) were then used to determine the effect of GCV on restoration of left ventricular mechanics. In the MSC^TK+Null^ group, there was no statistical difference in cardiac remodeling between vehicle and GCV treatments ([Fig. 7A and 7B](#pone-0046158-g007){ref-type="fig"}). However, the beneficial effects of the MSC^TK+CXCR4^ on heart function were significantly reversed after the administration of GCV, as indicated by a significant increase in both LVDd and LVDs, and an accompanying reduction of EF, FS, as well as systolic wall thickness as compared to the vehicle treatment ([Fig. 7A to 7C](#pone-0046158-g007){ref-type="fig"}).

In addition, the MSC^TK+Null^ transplanted animals in both vehicle and GCV treatment groups exhibited left ventricular wall thinning ([Fig. 7C](#pone-0046158-g007){ref-type="fig"}). However, in the absence of GCV, left ventricular wall thinning was significantly preserved in the MSC^TK+CXCR4^ group, as compared to MSC^TK+Null^ group ([Fig. 7C](#pone-0046158-g007){ref-type="fig"}). Importantly, when the MSC^TK+CXCR4^ group underwent GCV treatment, the left ventricular wall thickness was significantly reduced as compared to vehicle treatment in same group, and aneurysm formation was also observed in some hearts ([Fig. 7C](#pone-0046158-g007){ref-type="fig"}).

The change of LV infarct size was assessed using Masson\'s Trichrome staining ([Fig. 7D and 7E](#pone-0046158-g007){ref-type="fig"}). In the absence of GCV, the infarct size was significantly reduced in the MSC^TK+CXCR4^ group as compared to MSC^TK+Null^ group (*p*\<0.05). Additionally, the therapeutic effect of MSC^TK+CXCR4^ was eliminated after GCV treatment as compared to the vehicle treatment (*p*\<0.01).

Discussion {#s4}
==========

In this study, we investigated the role of MSC^CXCR4^ in neovascularization during cardiac repair after MI and its mechanism. The *in vitro* studies showed that MSC^CXCR4^ released angiogenic factors and enhanced the capacity for vessel formation under hypoxic conditions, which involved HIF-1α and STAT3 pathways. For the *in vivo* studies, MSC^CXCR4^ seeded on peritoneum (patch) promoted neovascularization when applied to the epicardial surface of MI rats. However, the specific elimination of ECs derived from MSC^CXCR4^ by suicide gene activation significantly abrogated the enhanced capillary density and the improvement of cardiac function.

The autocrine/paracrine mechanism of stem cell therapy plays an important role in cardiac functional restoration after MI [@pone.0046158-NombelaArrieta1], [@pone.0046158-Gnecchi1], [@pone.0046158-Caplan1]. We found that CXCR4 overexpression enhanced the gene expression of VEGF-A in MSCs under hypoxia, which was consistent with observations from our previous studies [@pone.0046158-Huang1]. VEGF signaling pathway plays an essential role in vascular homeostasis and in the angiogenic cascade [@pone.0046158-Lee1]. In addition, hypoxia is an important component of an ischemic insult. It is a critical regulator of both protective and pathological vascular adaptations and composes the niche to maintain stem cells [@pone.0046158-Walshe1], [@pone.0046158-Mohyeldin1]. The oxygen-sensing HIF is also important for vascular homeostasis responding to hypoxic conditions [@pone.0046158-Majmundar1]. As other studies have demonstrated, the ubiquitin-mediated proteolysis of HIF is inhibited under hypoxia, thereby activating distinct angiogenic factor genes such as VEGF, whose promoters include hypoxia-response elements [@pone.0046158-Walshe1], [@pone.0046158-Nakayama1]. In our studies, hypoxia increased the expression of HIF-1α, which was further enhanced by MSC^CXCR4^. Thus, when MSC^CXCR4^ were implanted in a hypoxic microenvironment, the increasing expression of angiogenic factors initiated a cascade that promotes cytokine-induced cardiac angiogenesis.

In addition to the paracrine effect of MSCs, the endothelial differentiation potential also plays an important role in new vessel formation. MSC^CXCR4^ acquired endothelial characteristics, including tube formation, uptake of Dil-ac-LDL, and expression of the endothelial cell markers, suggesting that CXCR4 overexpression enhanced the EC differentiation of MSCs. Within the cadherin family, VE-cadherin is the only specific endothelial adhesion molecule and the major determinant of EC contact integrity and activity, which is very important for vascular development and differentiation [@pone.0046158-Huber1], [@pone.0046158-Gory1]. The CXCR4 overexpression enhanced the expression of VE-cadherin at the transcriptional level in MSCs as well as the phosphorylation of STAT3 under hypoxia. The observation was further confirmed by the STAT3 inhibitor (WP1066) which decreased the promoter activity and mRNA expression of VE-cadherin in MSC^CXCR4^ under hypoxia. Therefore, STAT3 participated in the differentiation of MSC^CXCR4^ into ECs by regulating the endothelial gene expression.

CXCR4 is a G protein-coupled receptor and activates several G-protein mediated downstream signaling pathways after binding its ligands [@pone.0046158-Ganju1]. However, the expression of CXCR4 in MSCs showed a gradually decreasing tendency after the hypoxic stimuli over a long timeframe. The decrease in the expression of CXCR4 might result from the ligand-induced receptor internalization and endocytosis via a clathrin or caveolae dependent pathway [@pone.0046158-Zhang3], [@pone.0046158-Venkatesan1]. Therefore, the overexpression of CXCR4 is important to compensate for pathological insufficiency and prolong the therapeutic effect under the ischemic conditions. One endpoint of CXCR4 signaling is the activation of transcription factors [@pone.0046158-Ganju1]. In addition, the SDF-1α/CXCR4 axis was reported to upregulate STAT3 activation in ischemic cardiomyocytes, thereby mediating acute cardioprotection [@pone.0046158-Huang2]. The activation of STAT3 also played a pivotal role in EC differentiation of cardiac stem cells [@pone.0046158-Iwakura1]. Consequently, under the hypoxic microenvironment, along with the secretion of angiogenic factors, the overexpression of CXCR4 activated the STAT3 signaling pathway in MSCs, thereby promoting the differentiation into ECs.

To highlight the role of ECs derived from MSCs in myocardial neovascularization, the effect of MSC^CXCR4^ on angiogenesis was abolished by the suicide gene approach under the control of an endothelial specific promoter. The transcription and expression of VE-cadherin in ECs are due to its promoter containing multiple specific regulatory elements, which are silenced in non-endothelial cells [@pone.0046158-Gory1], [@pone.0046158-LeBras1], [@pone.0046158-Gory2]. Hence, the transduction of TK gene linked to VE-cadherin promoter can achieve the suicide gene approach. After GCV is absorbed by ECs derived from MSCs, it can be transformed into a cytotoxic agent by the activation of TK gene and cause cell death [@pone.0046158-Mullen1], [@pone.0046158-Mavria1]. Our data showed that TK was expressed under the control of VE-cadherin promoter in ECs. GCV specifically killed ECs expressing TK, indicating the effectiveness of the suicide gene approach. However, GCV had no effect on the growth of non-endothelial cells, including ordinary MSCs, myoblasts, and normal preexisting cardiovascular cells.

By using the GCV-induced suicide gene approach, we assessed the EC differentiation level of MSCs after implantation of cell patches. The CXCR4 overexpression enhanced the migration and vessel formation of MSCs in the infarcted area, which was consistent with our previous studies, in which we showed significantly enhanced heart function [@pone.0046158-Zhang1], [@pone.0046158-Huang1]. However, the administration of GCV decreased the vessel formation of MSC^CXCR4^, and abolished the benefits of MSC^CXCR4^ induced cardiac protection. As revealed by micro-CT, the vessel networks derived from MSC^CXCR4^ were observed around the left ventricle and in the cell patch, which communicated with the native coronary arteries. The vascular integration provides oxygen and nutrient supplies to the myocardium served by the vessels [@pone.0046158-Yin1]. We confirmed that the derived new vessels around the ischemic heart and in the cell patch were eliminated by GCV treatment.

To assess the therapeutic effect of ECs derived from MSCs, cardiac function improvement was analyzed using echocardiography combined with the suicide gene approach. In the absence of GCV, MSC^CXCR4^ ameliorated the post-MI loss of cardiac function as indicated by increased left ventricular ejection fraction and decreased the extent of remodeling after MI. However, the administration of GCV reversed the beneficial effects of MSC^CXCR4^, as evidenced by worsening cardiac function, aneurysm formation, and left ventricular wall thinning. Clearly, GCV reversed the heart functional improvement after cell implantation, highlighting that the therapeutic effects of MSC^CXCR4^ were mainly resulted from differentiated ECs to form new vessels. The therapeutic effects were significantly reversed when the suicide gene activation was invoked to specifically kill the MSC^CXCR4^ differentiated into ECs, suggesting the important role of MSC-to-EC differentiation in MI treatment. The EC differentiation of MSCs was enhanced by CXCR4 overexpression, which contributed to the neovascularization in the ischemic hearts. Importantly, ECs are the critical component of blood vessels, regulating angiogenic sprouting and vascular tube formation [@pone.0046158-Herbert1]. Thus, the new vessels derived from MSC^CXCR4^ can improve blood flow for supplying nutrition to the damaged heart, thereby promoting the cardiac functional restoration.

Conclusions {#s4a}
-----------

In summary, MSC^CXCR4^ enhanced the release of angiogenic factors and the EC differentiation of MSCs involved in HIF-1α and STAT3 pathways under hypoxia. The specific gene suicide approach demonstrated that the neovascularization of MSC^CXCR4^ in the ischemic hearts was mainly due to the EC differentiation. The new vessels derived from MSC^CXCR4^ integrated to coronary artery, providing new functional vascularity for ischemic tissues.
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**The sequences of PCR primers.** F, forward primer; R, reverse primer.
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Click here for additional data file.

###### 

**The micro-CT imaging of new vessels derived from MSC^CXCR4^.** The video shows the outline of the whole heart which is surrounded with the new formed vessels from the MSC^CXCR4^ patch.
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Click here for additional data file.
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